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In the experimental study described in this paper, rutting properties of different bituminous binders and those of corresponding mix-
tures characterized by common composition and volumetrics were investigated and compared. Single shear creep-recovery (SSCR) tests
were carried out on binders for the determination of their creep compliance rate (CCR), whereas bituminous mixtures were evaluated by
referring to their Flow Number (FN), derived from repeated compressive loading tests. Analysis of experimental data revealed the exis-
tence of a strong correlation between rutting parameter of binders and permanent deformation response of mixtures. This confirmed the
potential of the proposed testing procedure of being adopted for the evaluation of rutting properties of bituminous binders and for their
consequent performance-related ranking.
 2016 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V. This is an open access article under the CCBY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Formation of ruts in asphalt pavements resulting from
accumulation of permanent deformation under repeated
traffic loading is significantly affected by the rheological
properties of bituminous binders [1,2]. Due to the thermal
susceptibility and viscoelastic behaviour of these materials,
rutting is greatly promoted at high in-service temperatures
and in presence of heavy slow-moving vehicles. The use of
binders characterized by enhanced properties in terms of
permanent deformation resistance is thus essential in pre-
venting such a phenomenon, which generally leads to ahttp://dx.doi.org/10.1016/j.ijprt.2016.11.008
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Engineering.reduction of comfort and safety perceived by road users.
To achieve this goal, materials need to be properly selected
by referring to the results of reliable laboratory tests, cap-
able of evaluating their non-reversible strain response
under loading and of yielding a truly performance-related
ranking.
The traditional SHRP parameter G*/sind [3,4] adopted
in performance grading has been demonstrated to be inad-
equate in evaluating the real anti-rutting potential of bin-
ders, especially in the case of polymer-modified products
[5,6]. Limits of the SHRP approach are mainly related to
the fact that the abovementioned parameter is determined
from small-strain oscillatory loading in the linear viscoelas-
tic domain, far away from actual damage conditions.
A number of studies [5,7–11] have been carried out to
overcome these limitations, leading to the development of
several standard methods to be used for the assessment
of rutting properties of bituminous binders [12,13]. Among
these, the Multiple Stress Creep-Recovery (MSCR) test [14]hosting by Elsevier B.V.
ommons.org/licenses/by-nc-nd/4.0/).
Table 1
TPG-U values obtained from dynamic shear tests.
Binder code A B C D
TPG-U [C] 68.3 66.0 81.7 101.5
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the intermittent nature of traffic loading and the stress-
dependency of materials. Some authors, however, have
questioned the use of 1 second creep followed by 9 second
recovery prescribed by the current MSCR protocol since it
may not allow the material to reach steady-state flow con-
ditions under loading and may not ensure the complete
recovery of deformation at the end of unloading, especially
for cross-linked binders characterized by a pronounced
delayed elastic strain component [15,16]. A further criti-
cism questions the use of non-recoverable creep compliance
(Jnr) for binder performance characterization, due to the
fact that it is a mechanical parameter not univocally con-
nected with non-reversible deformation [17].
More recently, Santagata et al. [18] proposed a novel
test procedure consisting in single shear creep-recovery
(SSCR) tests carried out at different temperatures and at
predefined loading and recovery times. Results obtained
on a wide set of materials indicated the effectiveness of
the procedure in discriminating high-temperature charac-
teristics of bituminous binders of different types and origin.
Moreover, synthetic information on resistance to flow was
obtained by referring to a new control parameter, the so-
called creep compliance rate (CCR), which was found to
be adequate for the purpose of performance-related
ranking.
In order to further corroborate the validity of the
method and in accordance with a multi-scale approach,
the research scope was extended by including the evalua-
tion of rutting properties of bituminous mixtures. In partic-
ular, the aim of the investigation reported in the paper was
to correlate results obtained from rheological tests carried
out on several bituminous binders with those derived from
permanent deformation tests carried out on corresponding
mixtures. Data gathered from testing were analysed with
the specific goal of verifying the existence of relationships
to be used for materials performance prediction.
2. Materials
The set of bituminous binders employed in the experi-
mental investigation was selected in order to cover a wide
spectrum of viscoelastic properties. It included two unmod-
ified bitumens (A and B) sampled from two refineries which
operate on crudes of different source and origin, one
polymer-modified binder (C) containing a high percentage
(ranging in the interval 4–5% by weight of base bitumen) of
styrene–butadienestyrene co-polymer (SBS), and one
asphalt rubber (D) containing 18% crumb rubber (by
weight of base bitumen) derived from the grinding of
end-of-life tyres. Binders C and D were supplied by special-
ized manufacturers that did not provide specific informa-
tion on the adopted production schemes.
All binders were investigated in short-term aged condi-
tions simulated by means of the Rolling Thin Film Oven
(RTFO) in accordance with AASHTO T240 [19]. Basic
dynamic shear tests were carried out in order to determineupper limiting performance grade (PG) temperatures (TPG-
U, corresponding to G*/sind equal to 2.2 kPa). Moreover,
in the preliminary characterization phase, binders were also
subjected to MSCR tests with the consequent evaluation of
non-recoverable creep compliance parameters (Jnr0.1 and
Jnr3.2 corresponding to applied stress levels of 0.1 and
3.2 kPa, respectively).
Obtained results are synthesized in Tables 1 and 2.
For each type of binder, a corresponding mixture
(named, in the order, MA, MB, MC and MD) was manu-
factured in the laboratory by making use of mineral aggre-
gates provided by a local contractor in four different size
fractions (sand 0–5 mm, fine gravel 3–8 mm, medium
gravel 8–12 mm and Portland cement filler). Aggregate gra-
dation of the mixtures was defined according to Italian
technical specifications for standard wearing courses [20],
characterized by a maximum aggregate size of 16 mm
(Fig. 1). Reconstruction of the target gradation curve was
made by subjecting available fractions to washed sieve sep-
aration and by thereafter combining single-size fractions in
the needed quantities. Binder dosage was set at 5.5% by
weight of dry aggregates.
Loose blends were analysed in order to determine their
Theoretical Maximum Density (TMD) to be used for the
evaluation of air voids of compacted specimens. TMD
values reported in Table 3 were obtained by means of the
pycnometer method according to EN12697-5 [21].
3. Methods
Rutting potential of bituminous binders considered in
this paper was investigated by adopting the SSCR test pro-
tocol mentioned above. For the purposes of the research,
analysis of experimental data was limited to the creep
phase, from which values of the CCR parameter were
determined.
The apparatus employed for testing was a stress-
controlled dynamic shear rheometer (DSR), equipped with
a permanent magnet synchronous drive (minimum tor-
que = 0.1 lNm, torque resolution <0.1 lNm) and an opti-
cal incremental en-coder for the measurement of angular
rotation (resolution <1 lrad). The standard 25 mm parallel
plates geometry was used with 1.0 mm gap.
Measurements were performed at four temperatures
(ranging from 46 to 64 C in the case of binder A and B,
from 58 C to 76 C in the case of binders C and D) at a
single stress level (equal to 100 Pa). Conditioning of binder
specimens was carried out until target test temperature was
stable for at least 15 min. At least two replicates were run
at each temperature and average data were considered in
the analysis.
Table 2
Jnr0.1 and Jnr3.2 values obtained from MSCR tests.
Binder code T [C] Jnr0.1 [kPa1] Jnr3.2 [kPa1]
A 52 0.276 0.281
58 0.748 0.814
64 1.935 2.176
70 4.614 5.250
76 10.308 11.539
B 46 0.182 0.181
52 0.516 0.523
58 1.374 1.411
64 3.420 3.564
70 7.927 8.252
C 64 0.142 0.170
70 0.320 0.515
76 0.760 1.340
82 1.530 3.330
88 2.519 8.225
D 64 0.013 0.050
70 0.020 0.162
76 0.040 0.478
82 0.087 1.267
88 0.259 3.704
94 1.027 9.361
Fig. 1. Target gradation and specifications for standard wearing course
mixture.
Table 3
TMD values of bituminous mixtures.
Mixture code MA MB MC MD
TMD [kg/m3] 2514 2504 2519 2580
Table 4
Duration of creep phase adopted at different test temperatures.
Binder code Temperature [C] Duration of creep phase [s]
A, B 46 600
52 240
58 180
64 120
C, D 58 10,800
64 1800
70 600
76 300
Table 5
Average air void content of AMPT specimens.
Mix code MA MB MC MD
v [%] 5.7 5.6 5.8 5.0
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of past experience gained by the Authors [18], with the pur-
pose of allowing materials to reach steady-state flow condi-
tions under loading. Adopted values, summarized in
Table 4, are consistent with the fact that unmodified bin-
ders (A and B) were expected to flow quite quickly at the
selected test temperatures, whereas in the case of the
polymer-modified binder (C) and the asphalt rubber (D)
it was anticipated that achievement of steady-state condi-
tions would require very long creep time as a result of their
internal rubber-like structure.Permanent deformation properties of bituminous mix-
tures were evaluated by means of Flow Number (FN) tests
following AASHTO TP 79 [22]. During these tests, cumu-
lative permanent strains (ep) developed in cylindrical spec-
imens as a consequence of repeated compressive loads are
recorded as a function of the number of loading cycles
(N). FN is defined as the number of loading cycles corre-
sponding to the transition point between the secondary
and tertiary creep regions, identified on N-ep plots derived
from experimental data. On the basis of extensive research
carried out under NCHRP project 9–19 [23], such a param-
eter has been recommended as a valid indicator of the apti-
tude of bituminous mixtures to resist to rutting [24].
Tests were carried out by means of the Asphalt Mixture
Performance Tester (AMPT) at three temperatures (46, 52
and 58 C) and with a repeated axial stress of 600 kPa.
Even though it was proven that lateral confinement pro-
vides a better simulation of stress conditions which occur
in the field, for practical reasons mainly related to the need
of limiting total testing time, in the present study FN values
were determined by imposing no confinement to test spec-
imens. In fact, by increasing the level of confining pressure,
resistance of mixtures to flow may significantly increase,
resulting in very long test durations. Moreover, it was
shown that in some cases deformation may not reach the
tertiary creep stage, making determination of FN impossi-
ble [25]. Finally, it should be mentioned that it was
reported that tests carried out in confined conditions may
lead to poor repeatability of experimental results, which
have also been found to be extremely sensitive to sample
preparation [26]. For all mixtures, FN tests were carried
out in triplicate repetitions and average results were consid-
ered in the analysis.
Specimens used for AMPT testing were cylindrical cores
(100 mm diameter, 150 mm height), extracted from the cen-
tre of larger gyratory shear compactor samples (150 mm
diameter, 170 mm height) and subsequently trimmed by
means of a masonry saw in order to obtain smooth and
Fig. 3. Variation of CCR as a function of test temperature.
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get void content (v) of their cores set at 5.5 ± 0.5%; actual
mean values measured according to EN 12697-8 [27] are
reported in Table 5. Before testing, specimens were condi-
tioned at the target test temperature in a climatic chamber
for 12 h.
4. Results and discussion
4.1. Creep behaviour of binders
Examples of experimental data gathered from the creep
phase of SSCR tests are shown in Fig. 2, obtained by plot-
ting shear strains (c) measured under loading as a function
of time (t). Diagrams provide a comparison between the
response of unmodified bitumens (A and B) and that of
modified binders (C and D) at a common test temperature
(equal to 58 C).
In the case of unmodified binders, t-c curves exhibited
an almost constant slope throughout the creep phase, indi-
cating the achievement of viscous flow in a very short load-
ing time. On the contrary, curves corresponding to
modified binders revealed the existence of an initial curva-
ture (which was found to gradually smoothen out for
increasing test temperatures) associated to the presence of
an internal rubber-like network. Nevertheless, durations
of the creep phase were sufficient to obtain a final linear
trend, confirming also for these materials the attainment
of steady-state conditions.
From the final linear portion of t-c loading curves, creep
compliance rate (CCR) values were calculated as follows:
CCR ¼
d cs0
 
dt
¼ dJ
dt
ð1Þ
where c is shear strain, s0 is applied stress, and J is creep
compliance.
CCR represents a material property that does not
depend upon time and that provides a measure of the resis-
tance to flow. From a rheological point of view, it corre-
sponds to the inverse of zero-shear viscosity [18].Fig. 2. Results obtained from the creep phase of SSCR tests at 58 C:Obtained CCR values plotted against test temperature
in the semi-logarithmic scale are displayed in Fig. 3. It is
clearly observed that, with such a representation, experi-
mental data can be approximated by linear functions.
Moreover, a clear distinction can be made between unmod-
ified (A and B) and modified (C and D) binders, with first
ones exhibiting higher CCR values than second ones at all
test temperatures. In terms of ranking, the asphalt rubber
(D) yielded the highest resistance to flow, which corre-
sponds to the highest anti-rutting potential. In addition,
small differences were detected when comparing the two
unmodified binders to each other, with slightly lower
CCR values in the case of binder A, associated to a higher
TPG-U value (Table 1). Scatter of experimental results was
assessed by referring to percent relative error values
(ECCR%) which are listed in Table 6 together with measure-
ment ranges. It was thus observed that data repeatability
was overall acceptable for the unmodified and polymer-
modified binders (ECCR% values in most cases below
5%), while a greater dispersion was recorded for the intrin-
sically non-homogeneous asphalt rubber binder (ECCR%
values of the order of 10–20%).(a) unmodified bitumens A and B, (b) modified binders C and D.
Table 6
Measured ranges and percent relative errors of CCR.
Binder code Temperature (C) CCRmeasured (1/Pa.s) ECCR% (%)
A 46 (6.60  7.10) 0.105 3,6
52 (2.03  2.17) 0.104 3,3
58 (5.75  6.13) 0.104 3,2
64 (1.51  1.60) 0.103 3,0
B 46 (1.39  1.42) 0.104 1,1
52 (4.07  4.15) 0.104 1,0
58 (1.10  1.12) 0.103 1,0
64 (2.80  2.81) 0.103 0,2
C 58 (1.40  1.41) 0.105 0,4
64 (4.50  6.28) 0.105 16,5
70 (1.54  1.65) 0.104 3,4
76 (4.60  5.07) 0.104 4,9
D 58 (4.00  5.80) 0.106 18,4
64 (1.20  1.72) 0.105 17,8
70 (3.20  4.32) 0.105 14,9
76 (7.60  9.77) 0.105 12,5
Fig. 4. FN curves obtained at 58 C for all bituminous mixtures.
Fig. 5. FN curves obtained at different temperatures for mixture MA.
Fig. 6. FN values as a function of test temperature.
42 E. Santagata et al. / International Journal of Pavement Research and Technology 10 (2017) 38–444.2. Permanent deformation of mixtures
Experimental curves obtained from FN tests carried out
on bituminous mixtures considered in the investigation are
represented in Figs. 4 and 5, which show the relationship
between the total cumulative permanent axial strain (ep)
developed in specimens and the number of loading cycles
(N). Fig. 4 contains experimental data gathered from tests
carried out at 58 C for all mixtures, whereas Fig. 5 pro-
vides a comparison between curves recorded at different
temperatures (46, 52 and 58 C) for mixture MA. In both
figures, plotted curves refer to individual repetitions.
From N-ep plots, three different zones corresponding to
different stages of flow can be clearly identified: a primary
zone, in which rate of strain decreases as the number of
loading cycles increases; a secondary stage, characterized
by a rate of strain that remains almost constant with load
repetitions; and a third stage (tertiary flow), in which strain
rate rises dramatically, leading to failure.
FN values were derived from experimental curves by
adopting the Francken model recently introduced in
AMPT data analysis [28–30], due to its effectiveness and
consistency in fitting experimental data [25,30]. Results
obtained from calculation are summarized in Fig. 6, which
also displays error bars corresponding to maximum relative
errors.
Consistently with expectations, mixtures containing
modified binders (MC and MD) exhibited FN values which
are significantly higher than those recorded for mixtures
prepared with conventional bitumens (MA and MB).
Moreover, the rubberized mixture MD showed a superior
performance with respect to mixture MC, produced with
the SBS polymer-modified binder, over the whole tempera-
ture range explored in the investigation. On the contrary,
minor differences were observed when comparing the
unmodified mixtures MA and MB to each other, with the
first one proving to be slightly more resistant to accumula-tion of permanent deformation than the second one.
Finally, it was noticed that the relative ranking of mixtures
determined from FN tests matches that of binders estab-
lished on the basis of SSCR tests.4.3. Relationship between binder and mixture data
Moving from the observations reported in previous
sections, the following step of the analysis consisted in
correlating creep behaviour of binders with permanent
deformation response of corresponding mixtures. The
E. Santagata et al. / International Journal of Pavement Research and Technology 10 (2017) 38–44 43relationship which stemmed from analysis is represented in
Fig. 7, in which CCR values are plotted as a function of
FN values obtained at the same test temperatures.
It should be underlined that SSCR tests were not carried
out on binders C and D at 46 C and 52 C as a result of
the unpractical, too long loading duration which would
be necessary to reach flow conditions. Thus, corresponding
CCR values were extrapolated from those registered at
higher temperatures (58 C, 64 C, 70 C and 76 C) by fit-
ting a linear relationship to temperature-CCR data repre-
sented in the semi-log scale (Fig. 3).
Fig. 7 highlights the existence in the log–log scale of a
unique linear decreasing trend not depending upon binder
origin and type. Such an occurrence demonstrates that the
anti-rutting potential of bituminous mixtures considered in
this study is strongly governed by the viscoelastic
properties of the binder phase as measured by SSCR tests.
A single power-law function, characterized by a very high
regression coefficient R2, can therefore be used to fit exper-
imental data.
The finding discussed above confirms the validity of the
proposed SSCR method, which is capable of capturing
relevant aspects of binder rheology and of providing a true
performance-related ranking [31]. Furthermore, asFig. 7. Relationship between CCR and FN values.
Table 7
Measured and predicted FN values of bituminous mixtures.
Mixture code Temperature (C) FNmeasured F
MA 46 715 46
52 274 24
58 126 13
MB 46 374 29
52 142 16
58 79 91
MC 46 6914 80
52 2851 31
58 1160 13
MD 46 10649 10
52 5412 46
58 2017 23reported by Santagata et al. [31], the CCR-FN relationship
can be used for the prediction of the flow number of a bitu-
minous mixture of given composition and volumetric char-
acteristics from the results of binder testing. This is shown
in Table 7, where measured FN values are compared to
those calculated by means of the power-law function
displayed in Fig. 7, with the corresponding evaluation of
prediction errors (DFN%). Table 7 also lists ranges of mea-
sured FN values and the consequent percent relative errors
(EFN%). It is thus observed that in most cases prediction
errors are comprised in the range of variability of Flow
Number test results (|DFN%| < EFN%), indicating model
estimates to be reasonably accurate.
5. Conclusions
In the research study presented in the paper, single shear
creep-recovery (SSCR) tests were used to evaluate rutting
properties of several bituminous binders at various temper-
atures. Experimental data were compared with those
derived from Flow Number (FN) tests carried out on cor-
responding bituminous mixtures characterized by same
composition (aggregate gradation and binder dosage) and
target void content.
Analysis of results showed that binders and mixtures
were identically ranked in terms of their potential rutting
performance. In particular, the superior performance of
asphalt rubber and of its corresponding mixture was clearly
highlighted.
A single relationship independent from binder origin
and type was found between CCR binder parameter and
FN, thus confirming the effectiveness of the SSCR test pro-
tocol in capturing the contribution of the binder phase to
accumulation of permanent deformation in considered
mixtures. Moreover, the potential of employing CCR val-
ues for the prediction of FN was explored with a satisfac-
tory outcome.
Based on obtained results, it is envisioned that future
research will focus on the validation and generalization
of the abovementioned relationship and by extendingNpredicted DFN% (%) FN range EFN%
4 35.0 626  795 11,8
4 10.8 226  323 17,7
2 4.5 112  140 11,1
9 20.1 368  384 2,1
3 14.3 121  184 22,1
15.7 62  102 25,3
71 16.7 5833  8969 22,7
91 11.9 2453  3128 11,8
96 20.3 1105  1236 5,6
135 4.8 8560  12589 18,9
96 13.2 4693  5975 11,8
66 17.3 1752  2358 15,0
44 E. Santagata et al. / International Journal of Pavement Research and Technology 10 (2017) 38–44testing from the laboratory to the field by considering the
rutting performance of full-scale sections.
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